The velocity of a microchannel flow was determined by atomic force microscopy ͑AFM͒ using a 50 nm wide "whisker," which was partially submerged and scanned transverse to the flow while drag was recorded. A peaked, near parabolic, flow velocity profile was found. Particle image velocity ͑PIV͒ measurements using 70 nm diameter quantum-dot-coated polystyrene spheres confirmed the shape of the AFM-measured velocity profile. AFM-based nanometer resolution velocimetry confirms that the drag-velocity relationship for the whisker remains consistent over a wide range of shear values and appears to successfully resolve submicron scale flows, which are beyond the limits of conventional PIV measurements.
Microfluidic systems are networks of micron and submicron scale channels and reservoirs that promise breakthrough solutions for processing, separating, and analyzing materials of very small volume.
1,2 From a practical standpoint, microfluidic systems offer a reliable and cost-effective means for applications such as clinical blood analysis or portable chemical analysis in the field, while from a scientific standpoint such systems promise a means to analyze ultra-small volumes of complex biological or organic molecules 3 that are often difficult to synthesize or isolate and thus only available in limited amounts.
The science and design of microfluidic systems are still the subject of extensive investigation. A major problem is the control and characterization of microscale and nanoscale liquid flows, the physics of which are not fully understood. For example, whether fluid adheres to solid surfaces in nanoscale flows to give rise to the "no-slip" boundary condition is still a subject of considerable uncertainty. For instance, there is some evidence which indicates that the liquid-solid boundary condition may change from no-slip at low wall shear rates to slip at high wall shear rates for hydrophobic surfaces. 4 Towards this end, one aspect that needs to be addressed is the profiling of liquid flow velocity at the submicron scale.
Currently, micro-particle-imaging velocimetry ͑micro-PIV͒ using fluorescent particles of ϳ200 nm in diameter is used to measure flow in microchannels with high spatial resolution. However, optical diffraction limits the resolution to about 500-1000 nm. 5, 6 Flow measurement with a resolution of Ͻ100 nm is desirable for submicron scale flowsalmost an order of magnitude finer than the current achievable limit of micro-PIV.
For complex geometries, flat, convex, and concave flow profiles have been predicted in various situations, even when no pressure gradient was applied. 7 Further, devices based on electro-osmotic flow techniques can be used to create complex flow patterns. 8 In spite of the potential applications including lab-on-a-chip type devices, 9, 10 no experimental studies of submicron scale channel flows have been reported.
One means of obtaining such high resolution is the application of the atomic force microscope ͑AFM͒.
11 While AFM is routinely used to measure surface-probe interaction forces with nanometer resolution, [12] [13] [14] [15] [16] including pulling and frictional forces, the use of AFM to measure fluid velocity and viscous drag has not been reported until recently. In a previous letter, we have reported the application of AFM for fluid velocity measurement. 17 In brief, a special, ϳ50 nm diameter "whisker" AFM probe tip, shown in Fig. 1͑a͒ , was immersed to a controlled depth in a liquid film and scanned at different velocities relative to the liquid. The AFM was operated in lateral force mode while the drag on the whisker caused the cantilever of the probe to twist due to torsion, as illustrated in Fig. 1͑b͒ surface, the drag force at a given velocity was proportional to the depth of immersion of the carbon whisker. In order to clarify effects of viscosity, the work was done with two different glycerol-water mixtures of different viscosities.
While these experiments demonstrated the potential of the method to measure relative velocity between the liquid and the AFM probe tip, the liquid was not flowing as is the case in a microchannel system. To prove the technique in such situations, we have now recorded flow velocity profiles by immersing the whisker of the AFM tip in water flowing through a microchannel of dimensions of 1.5 mm long, 1.5 m deep, and 15 m wide. The microchannel flow was controlled by draining while the lateral torsion exerted on the AFM cantilever was used to determine local stream velocity values. The drainage rate was measured to agree with the flow rate obtained by integrating the AFM-determined velocity profile to within 30%.
For the control measurements we used micro-PIV that employed fluorescent quantum nanospheres ͑QNs͒ as flow tracers. Fluorescence was obtained by conjugating 10 nm diameter biotinylated quantum dots ͑Item 80-0204, Quantum Dot Corp.͒ to 43± 3 nm diameter polystyrene beads coated with NeutrAvidin™ ͑Bangs Laboratories͒. The QNs efficiently absorb UV/blue light at Ϸ 300-450 nm and emit red light at Ϸ 655 nm.
To achieve optical time slicing for the micro-PIV measurements, a 35 mW, = 405 nm, cw diode laser ͑Sanyo 5146-351, Photonic Products͒ was operated in pulse mode. A ␦t = 7.5 ms duration light pulse from the diode laser was directed onto the microchannel to illuminate the QNs. Fluorescent light from the QNs was collected by a Nikon Eclipse E600FN microscope with an M = 40 lens. The filter cube consisted of a 475 nm long-pass dichroic filter ͑475DCXRU, Chroma Corp.͒ and a bandpass emission filter with a center wavelength of 655 nm and half-power bandwidth of 20 nm ͑XF2203 and XF3305, Omega Optical͒. Due to the large Stokes shift of the quantum dot emission spectrum no excitation filter was required.
Images of the particle-image fields were captured by an interline transfer of 1376ϫ 1024 pixelϫ 12 bit resolution charge coupled device camera ͑model 630047, TSI, Inc.͒. The image recording process was repeated to capture PIV image pairs with 12.3 ms time intervals between successive frames.
A three-dimensional ͑3D͒ closed-loop atomic force microscope ͑PSIA XE-100͒ with a MikroMasch CSC17/STING probe ͑beam lever, spring constant: ϳ0.15 nN/ nm; tip extended with an amorphous carbon whisker, length: ϳ500 nm, apex radius: 1 -2 nm, average diameter: ϳ50 nm͒ was used for the high resolution AFM flow velocity measurements. The AFM probe is hydrophobic and represents a much smaller rod-like cross section in the liquid than the conical probe tips typically used in atomic force microscopy. 17 The AFM was calibrated with a MikroMasch standard calibration grid ͑TGX01P͒ and closed-loop position control was used during the experiments. The calibration of the torsion signal ͑0.523 mrad/ V͒ was based on the micromanipulation of the x-y scanning stage at known velocities and various geometrical considerations. The torsional spring constant was determined by the Sader method 18 and found to be 85.3 pN/ rad.
The whisker of the AFM probe was partially submerged in the microchannel flow and the lateral torsion of the cantilever was measured. The submersion depth was controlled with the vertical position sensor of the AFM. The submersion depth of the whisker was found by first raising the whisker out of the flow until the torsional force vanished, then the tip was lowered a known distance into the flow. The average depth of the flow was found to be ϳ900 nm. Once held at a constant submersion depth, the probe was scanned across the channel. For each probe position, 128 readings of the torsion exerted by the lateral drag force on the probe tip were recorded with the XEP ͑PSIA Inc.͒ data acquisition software.
A central ϳ13 m wide region of the flow profile obtained by AFM was analyzed since the conical section of the probe made mechanical contact with the microchannel walls at the end points of each scan. An example of the recorded position versus torsion relationship is shown in Fig. 2͑a͒ in a  3D representation so that all data samples are present for each point of measurement. The average velocity profile was calculated based on the calibration method described in Ref. 17. A peak water velocity of ϳ4.2 mm/ s was found, as shown in Fig. 2͑b͒ . This result is in good agreement with the assumption of Stokes flow with no-slip conditions on the AFM probe using the creeping flow solution for an ellipse with the projected length and diameter equal to that of the immersed length of the probe. Further, the measured flow rate is consistent with the observed draining rate of the reservoir feeding the microchannel.
A temporal average of the flow velocity obtained by micro-PIV is shown in Fig. 2͑c͒ . The micro-PIV velocity profile exhibits a similar shape to the profile obtained by the torsional AFM measurements. Lower velocities were used for the micro-PIV measurements due to the limitations of the light collection system, which constrained optical framing rates at the required high resolution. The spanwise positional resolution of the torsional AFM velocity measurements is 0.102 m per data point.
While the AFM and micro-PIV measurements were made at different velocities, the shape of the velocity profiles are similar, exhibiting a peaked central region. The AFM measurements confirm, as shown previously, 17 that the boundary conditions at the AFM whisker-solid surface remain the same over a range of velocities, which span from very small values near the wall to ϳ0͑1͒ mm/ s near the channel center. If the fluid-solid boundary conditions of the ϳ50 nm whisker changed with magnitude of velocity, the profiles would not remain consistent over the full range of velocities measured. Indeed, the consistency of the results suggest that the boundary conditions remain unchanged over a wide range of shear rates imposed by flows over a body of ϳ50 nm length scale.
In sumary, we have shown that the resolution of AFMbased velocimetry compares favorably to current state of the art velocimetry techniques, which employ optical imaging methods but are limited to a maximum spatial resolution of ϳ0.5-1.0 m per data point. In addition, the boundary conditions for the fluid-solid interface of the carbon whisker appear to remain the same with velocity in accord with a linear drag-velocity relationship. With these findings, we propose that velocimetry obtained by AFM offers a new approach to understand better the fluid flow in microfluidic and nanofluidic systems. 
